Oligomeric ring structure of the Bloom's syndrome helicase  by Karow, Julia K. et al.
Brief Communication 597
Oligomeric ring structure of the Bloom’s syndrome helicase
Julia K. Karow*†, Richard H. Newman†‡, Paul S. Freemont‡ and Ian D. Hickson*
Bloom’s syndrome is a recessive human genetic
disorder associated with an elevated incidence of many
types of cancer. The Bloom’s syndrome gene product,
BLM, belongs to the RecQ subfamily of DNA helicases
and is required for the maintenance of genomic stability
in human cells — in particular, the suppression of
reciprocal exchanges between sister chromatids. We
have investigated the quaternary structure of BLM
using a combination of size-exclusion chromatography
and electron microscopy with reference-free image
processing. We found that BLM forms hexameric ring
structures with an overall diameter of ~13 nm
surrounding a central hole of ~3.5 nm diameter. A
fourfold symmetric square form with ~11 nm sides and
a hole of ~4 nm diameter was also detected, which
might represent a distinct oligomeric species or a side
view of the hexameric form. Chromatography studies
indicated that the majority of enzymatically active BLM
has an apparent molecular mass of > 700 kDa, which is
consistent with an oligomeric structure for BLM. This
provides the first structural analysis of an oligomeric
ring helicase of eukaryotic cellular origin. These results
have implications for the mechanism of action of BLM
and suggest that other RecQ family helicases, including
the WRN protein associated with Werner’s syndrome,
might also adopt ring structures.
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Results and discussion
Bloom’s syndrome is an autosomal recessive disorder that
is associated with pleiotropic symptoms including an early
onset of cancers of many types, growth retardation and
reduced fertility [1]. Cultured cells from Bloom’s patients
display genomic instability with a characteristically ele-
vated level of exchanges between sister chromatids. DNA
replication is also aberrant in Bloom’s cells with an
extended S-phase and a delay in the maturation of repli-
cation intermediates compared with normal cells [1].
BLM, the gene defective in Bloom’s syndrome, encodes a
protein with a predicted molecular mass of 159,000 Da
that belongs to the RecQ subfamily of DNA helicases [2].
In addition to BLM, this family includes the Escherichia
coli RecQ, Saccharomyces cerevisiae Sgs1, Schizosaccharomyces
pombe Rqh1, and human RecQL, RecQ4, RecQ5 and
WRN proteins [3–6]. WRN is the protein defective in a
second human genetic disorder called Werner’s syndrome
that is characterised by premature ageing [7,8]. Biochemi-
cal studies of the Bloom’s syndrome protein, BLM, have
revealed that it is active as a DNA-dependent ATPase
and as a DNA helicase with 3′–5′ polarity [9]. The point
mutations identified in individuals with Bloom’s syn-
drome have been shown in many cases to destroy the heli-
case activity of the BLM protein [10]. Further work has
shown that BLM might have a role in disrupting
G-quadruplex DNA structures because it shows selectiv-
ity for G4-DNA in vitro [11].
In order to characterise the quaternary structure of the
BLM protein, we initially carried out size-exclusion chro-
matography. The vast majority of the BLM protein eluted
in a peak covering an elution volume of 11.5–12.5 ml
(Figure 1). On the basis of the elution of molecular mass
standards this peak covers a range of molecular masses
from approximately 700–900 kDa. Each fraction was also
assayed for its ability to catalyse ATP hydrolysis in a
DNA-dependent manner, a known function of BLM [9].
Figure 1 shows that the major peak of ATPase activity co-
eluted with BLM, indicating that the protein is enzymati-
cally active. On the basis of a subunit molecular mass of
159 kDa for BLM predicted from the cDNA sequence [2],
these size-exclusion chromatography data indicate that the
active form of BLM is oligomeric. Given the poor resolu-
tion of this technique in the 1,000 kDa range, however, it
is not possible to distinguish with any certainty between
BLM oligomers of different subunit composition. In addi-
tion to the major peak of ATPase activity a lower level of
activity was observed between the main peak and a posi-
tion near the γ-globulin standard (158 kDa). This suggests
that there might be an equilibrium between monomeric
and different oligomeric forms of BLM, at least when the
protein is in solution in the absence of substrate. 
To gain further insight into the oligomeric nature of BLM
we conducted electron microscopy studies on BLM parti-
cles that were negatively stained with uranyl acetate. In
these experiments, purified recombinant BLM was incu-
bated with magnesium choride and the essentially non-
hydrolysable ATP analogue, ATPγS. Negatively stained
samples of BLM were enriched with ring-shaped particles
(Figure 2). 
Given that the images of individual rings have a poor signal-
to-noise ratio, a large number of particles was selected for
image averaging. Initially, the reference-molecule-based
methods of Saxton [12,13] were employed, which indicated
that the translationally and rotationally aligned averaged
image of 100 particles shows sixfold symmetry (data not
shown). Given the possibility that this method imposes
symmetry bias, however, a reference-free alignment of par-
ticles was also conducted. This second algorithm sorts
images on the basis of their close structural similarity into
data sets that might differ from each other by only a small
margin. Using this method, 537 individual particles were
sorted into 50 data sets. During this process, the main
sources of inter-image variation were assessed using eigen-
vector analysis [14]. Subsequently, automatic multivariate
classification procedures were applied [15] to find the rota-
tional orientations of the original images relative to the
common symmetry pattern (so-called ‘alignment by classifi-
cation’). For each of the data sets created by these refer-
ence-free techniques [16], an unbiased average was
produced that represents a continuum of different rota-
tional orientations. Among these, we observed fourfold
symmetric square structures (Figure 3a) and sixfold sym-
metric ring structures (Figure 3b,c). The fourfold symmet-
ric structures have sides of ~11 nm and a hole of diameter
~4 nm, whereas the sixfold symmetric structures have a
maximum outer diameter of ~13 nm and a central pore of
~3.5 nm. The deviations of the averages from perfect four-
fold or sixfold symmetry are almost certainly because of
noise arising from the negative-staining procedure. We
therefore imposed fourfold symmetry onto the largest data
set of the square structures (containing 18 raw images;
Figure 3d) and sixfold symmetry onto the two largest data
sets of the apparently hexameric ring structures (containing
27 raw images each; Figure 3e,f). 
The two classes of sixfold symmetric structures appear to
have an opposite hand, possibly indicating that they repre-
sent rings lying on the carbon support film in opposite ori-
entations related by a 180° rotation. The fourfold
symmetric images might either represent an oligomeric
form distinct from the hexameric ring (such as a tetramer
or an octamer) or a side-view of a two-tiered hexameric
barrel structure (as is the case for the bacteriophage T7
helicase/primase T7gp4 [17]) or of a double hexamer. At
this stage we cannot state definitely whether or not the
protein can adopt more than one active oligomeric state. 
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Figure 1
Size-exclusion chromatography of BLM.
(a) Relative ATPase activity of 0.25 ml fractions
after elution from Superose 6. The elution
positions of the following standards are shown:
dextran blue (void volume, V0), thyroglobulin
(670 kDa), γ-globulin (158 kDa), ovalbumin
(44 kDa) and myoglobin (17 kDa). (b) A
western blot using an anti-BLM antibody of the
fractions from 10.25 to 16.75 ml, with those
containing BLM labelled above the lanes.
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Figure 2
Survey electron micrograph of purified recombinant BLM protein
negatively stained with 1% uranyl acetate. The circles denote
characteristic particles chosen for averaging.
100 nm
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Most helicases characterised to date have been found to
act either as dimers or as hexamers [18]. A number of
hexameric helicases from bacteria or viruses have been
identified ([17,19–23], reviewed in [24]), although no
eukaryotic cellular helicase has been shown previously to
be oligomeric. Moreover, so far no member of the RecQ
subfamily has been studied in terms of its oligomeric
structure. It might be significant that the majority of heli-
cases that are known to have a role in DNA replication,
such as E. coli DnaB and SV40 large T antigen, have a
hexameric configuration of subunits [24]. Moreover, the
overall dimensions of these helicases are similar to those
of BLM (10–13 nm outer diameter with a 2–4 nm hole)
[17,21,22]. BLM has also been implicated in DNA replica-
tion but its precise role has yet to be elucidated. 
This is the first demonstration that a helicase of human cel-
lular origin forms oligomeric ring structures in vitro. Clearly,
it would be very interesting to know if other members of
the RecQ family, in particular the WRN protein that is
involved in a premature ageing disorder, can form similar
oligomeric rings. It will be important in the future to assess
whether or not DNA can pass through the hole in the
annular BLM particle. Encircling of DNA by hexameric
ring helicases has been demonstrated previously for SV40
T antigen [22] and the bacteriophage T7 helicase/primase
[17]. Such a mechanism of action could impose constraints
upon the range of DNA substrates with which the BLM
helicase can interact. Because we have shown that the rings
of BLM protein can form in solution in the absence of
DNA, it is possible that they do so in the cell before any
interaction with their substrate(s). Hence, threading of the
protein onto a free single-stranded DNA end might be
required in order to initiate duplex unwinding. It is also
possible, however, that the ring structure can be assembled
as and when required from the individual protomers, and
hence encircle a continuous DNA strand at any internal site
without the requirement for a single-stranded DNA end.
Ongoing studies are addressing these possibilities. 
Materials and methods
Purification of BLM
The BLM protein was purified as described [9] with the following modi-
fications: for metal chelate affinity chromatography, buffer A was used
(50 mM HEPES-OH pH 7.2, 250 mM KCl), elution from the Ni2+-
column was performed with a 250 mM EDTA step in buffer A and the
protein was dialysed against buffer A containing 1 mM EDTA, 1 mM 2-
mercaptoethanol, and 0.1 mM PMSF. The protein concentration was
determined using the BioRad Coomassie assay with bovine serum
albumin (BSA) as a standard. For electron microscopy, 1 mM ATPγS
and 17 mM MgCl2 were added.
Electron microscopy
Samples of BLM (1 µM) were absorbed onto fresh glow-discharged,
carbon-coated Formvar grids and negatively stained with 1% uranyl
acetate before air-drying. Grids were viewed using a JEOL 1010 elec-
tron microscope at 80 kV with a 70 µm objective aperture.
Image analysis
Two methods of image analysis were employed. Individual images of
the BLM protein were aligned initially using Semper software. The ori-
entation of 100 particles was found using rotational cross-correlation of
their autocorrelation function with that of a reference particle [12,13]
and their position using conventional cross-correlation. To avoid possi-
ble bias by the choice of a reference particle, we additionally used a ref-
erence-free analysis method. This was performed using the IMAGIC
software system [14]. From the digitised micrograph, 537 molecular
images were selected by the operator. We then derived an unbiased
statistical representation of the different structures present in the micro-
graph and these were processed as described by Dube et al. [25].
Size-exclusion chromatography
A fast protein liquid chromatography (FPLC) Superose 6 column (Phar-
macia) was used at 22°C with 50 mM Tris-Cl pH 7.5, 500 mM KCl,
1 mM DTT, 0.1 mM EDTA as elution buffer. Samples of 28 µg
(175 pmol) homogeneous BLM protein were applied in a 200 µl
sample loop. Protein peaks were determined by absorption at 280 nm
(for the standards) or by western blotting (for BLM) using rabbit poly-
clonal antibody (IHIC33) raised to a recombinant fragment of the
carboxy-terminal domain of BLM.
ATPase assay
The ATPase activity of BLM after gel filtration was determined as
described previously [9]. 
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